Pathology archives contain vast resources of clinical material in the form of formalin-fixed paraffin-embedded (FFPE) tissue samples. Owing to the methods of tissue fixation and storage, the integrity of DNA and RNA available from FFPE tissue is compromized, which means obtaining informative data regarding epigenetic, genomic, and expression alterations can be challenging. Here, we have investigated the utility of repairing damaged DNA derived from FFPE tumors prior to single-nucleotide polymorphism (SNP) arrays for whole-genome DNA copy number analysis. DNA was extracted from FFPE samples spanning five decades, involving tumor material obtained from surgical specimens and postmortems. Various aspects of the protocol were assessed, including the method of DNA extraction, the role of Quality Control quantitative PCR (qPCR) in predicting sample success, and the effect of DNA restoration on assay performance, data quality, and the prediction of copy number aberrations (CNAs). DNA that had undergone the repair process yielded higher SNP call rates, reduced log R ratio variance, and improved calling of CNAs compared with matched FFPE DNA not subjected to repair. Reproducible mapping of genomic break points and detection of focal CNAs representing highlevel gains and homozygous deletions (HD) were possible, even on autopsy material obtained in 1974. For example, DNA amplifications at the ERBB2 and EGFR gene loci and a HD mapping to 13q14.2 were validated using immunohistochemistry, in situ hybridization, and qPCR. The power of SNP arrays lies in the detection of allele-specific aberrations; however, this aspect of the analysis remains challenging, particularly in the distinction between loss of heterozygosity (LOH) and copy neutral LOH. In summary, attempting to repair DNA that is damaged during fixation and storage may be a useful pretreatment step for genomic studies of large archival FFPE cohorts with long-term follow-up or for understanding rare cancer types, where fresh frozen material is scarce.
number changes that occur in human cancers and can readily tolerate fragmented DNA derived from FFPE tissue. Early array-based CGH (aCGH) platforms were dependent on bacterial artificial chromosomes containing large fragments of the human genome [3] [4] [5] [6] but have been largely supplanted by commercially available platforms utilizing long oligonucleotide-based or single-nucleotide polymorphism (SNP) markers as probes. [7] [8] [9] [10] Initially designed for use in genetic association studies, SNP arrays have also furthered our understanding of structural variation in cancer. SNP arrays (eg, from vendors such as Affymetrix or Illumina) are the platform of choice by large consortia such as the International Cancer Genome Consortium (ICGC), The Cancer Genome Atlas (TCGA), and Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) [11] [12] [13] for studying somatic DNA copy number alterations in fresh frozen (FF) tumor samples, as, unlike aCGH platforms, they are also capable of detecting copy neutral loss of heterozygosity (LOH) events. There are, however, limited data demonstrating the tolerance of this technology to compromized DNA quality derived from large series of FFPE tumors. Comparative analyses of matched pairs of FF and FFPE tumors demonstrate that SNP array technology can yield reasonable DNA copy number data. [14] [15] [16] [17] [18] [19] However, reduced data quality obtained from FFPE samples on SNP arrays can lead to the false detection of copy number aberrations (CNAs) that are not identified using oligonucleotide aCGH platforms or using matched FF tumors on SNP-based microarrays. 20 Oligonucleotide aCGH platforms developed by Agilent or Nimblegen are thus considered as the more robust at tolerating degraded DNA from FFPE tissue samples than SNP arrays. They provide both high resolution and precision for detecting high-level amplifications, single-copy alterations, and resolving chromosomal break points, 20, 21 but lack the capacity for detecting copy neutral LOH.
Several technical developments have been introduced that may help optimize performance of FFPE-derived DNA in SNP array analysis. For example, the introduction of a prequalifier PCR step provides a means of predicting which FFPE DNA samples might yield sufficient quality SNP array data. 15, 20, 22 The recently developed Oncoscan FFPE platform (Affymetrix), a high-resolution SNP array based on molecular inversion probes, appears to perform well in comparison with aCGH platforms and so might prove to be a successful method for studying FFPE samples for CNAs. 23, 24 Finally, there are now several commercial methods available designed to repair DNA that is damaged by tissue processing or sample storage. In these, overhangs and gaps in degraded DNA and adducts in chemically modified DNA sequences are enzymatically repaired, and short DNA fragments are ligated to produce longer fragments. In the current study we have assessed the effectiveness of DNA 'restoration' as a pretreatment step prior to SNP-CGH analysis of archival FFPE tissues, including tumor blocks processed up to 50 years ago.
MATERIALS AND METHODS Clinical Cohort
Ethical approval for the research was obtained from the Human Research Ethics Committees of the Royal Brisbane and Women's Hospital (RBWH) and The University of Queensland. The biospecimens used in this study were obtained from the RBWH pathology department or from the Brisbane Breast Bank, and involved archival FFPE tissue samples, FF tumor tissue, and DNA from blood. In total, tissue specimens from 25 cases were used, encompassing (i) surgical tissue samples (tumor and matched normal DNA from blood) from two cases diagnosed in 2010, (ii) surgical tissue samples (tumor and matched normal) from five cases diagnosed between 1987 and 1990, and (iii) tissue samples taken during autopsies performed on 18 patients who died from metastatic breast cancer between 1959 and 2001. An overview of the specimens and the analyses performed are outlined in Table 1 , with further experimental details given in Supplementary Table 1 . Notably, case Q590 had tumor DNA from both an FFPE block and a matched FF piece of tissue; for cases Q590 and 007, the tumor DNA was analyzed by SNP-CGH with and without undergoing the restoration process; and for five cases (007, 261, 276, 318, 540), the DNA was extracted using two different DNA extraction methods to see if this affected data quality.
DNA Extraction
For all FFPE samples, tumor-rich areas were identified from a freshly cut hematoxylin and eosin-stained section, and cores of tumor tissue were punched using a 1-mm diameter tissue microarray needle. Cores were dewaxed and rehydrated according to the standard protocols. Two methods of DNA extraction were used: the DNeasy Blood and Tissue Kit (Qiagen Pty, Chadstone, VIC, Australia) and the High Pure DNA Template Preparation Kit (Roche Australia Pty, Castle Hill, NSW, Australia), which was recommended by Illumina. Both were performed according to the manufacturer's instructions with the following exceptions for both techniques: (i) some tissue samples (Supplementary Table 1) were pretreated in 1 M sodium thiocyanate overnight at 37 1C to remove crosslinks and (ii) for all cases an extended tissue digestion step was performed over three nights with supplementary Proteinase K (Invitrogen) added every 24 h. Eluted DNA was assessed for purity using the Nanodrop-2000, and double-stranded DNA was quantified using the Qubit fluorometer (Invitrogen) as per manufacturer's instructions.
DNA Restoration and Infinium Homozygous Deletions Assay
The FFPE Quality Control qPCR (QC-qPCR) assay was performed as per manufacturer's instructions (Illumina, San Diego, CA, USA). Triplicate real-time PCR reactions were performed on the Roche LightCycler 480 using 2 ng of DNA for each FFPE sample, and the assay-supplied (QCT) DNA control. The cycle threshold (Ct) value of the QCT template control was subtracted from the Ct value for each FFPE sample value to calculate the final quality control Ct value for each FFPE DNA sample. FFPE DNA samples with Ct values r5 are reported to be of sufficient quality to proceed with in the DNA restoration and Infinium assay, whereas samples with values 45 are considered less likely to yield reliable SNP array data. The Infinium HD FFPE DNA Restore protocol was followed as directed, beginning with 100 ng of DNA of each sample. Following DNA restoration, the Infinium HD FFPE Assay was performed according to standard protocol using the Human CytoSNP FFPE-12v2.1 arrays (4262,000 SNPs, Illumina). The chips were scanned using the iScan (Illumina), and overall SNP call rates, B-allele frequency (BAF), and log R ratio (LRR) values for each SNP were extracted, calculated, and exported using GenomeStudio version2010.3 (Illumina). The data have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE43406. The BAF, LRR, and copy number calls were visualized/calculated using the genoCN method, 25 implemented in R version 2.15.0. To measure the extent of noise for each SNP array, the central 50 percent of the LRR was extracted, which represents the total relative copy number values that are not changed across the whole genome. The variance of these values was then calculated; a larger variance score indicated SNP array data with increased noise, and hence a decreased capacity to call DNA copy number changes.
Immunohistochemistry
Immunohistochemistry (IHC) was performed under the following conditions: ER, 1:100 dilution, clone 6F11 (Novocastra, Leica Microsystems Pty, North Ryde, NSW, Australia); PgR, 1:100 dilution, clone 16 (Novocastra); HER2, 1:200 dilution, code A0485 (Dako Australia Pty., Campbellfield, VIC, Australia); and EGFR, 1:100 dilution, clone 31G7 (Invitrogen, Life Technologies Australia Pty Mulgrave, VIC, Australia). All antibodies required citrate antigen retrieval except EGFR, which required chymotrypsin-based retrieval. The MACH 1 Universal HRP-Polymer kit (Biocare Medical, Concord, CA, USA) was used for detection.
TaqMan Copy Number Variation Verification
TaqMan Copy Number Variation assays (Applied Biosystems, Life Technologies Australia Pty Mulgrave, VIC, Australia) were performed as per manufacturer's instructions. Specifically, 20 ng of DNA was analyzed per well using the TaqMan Universal Master Mix, the human RNase P reference probe (#4403326), and either the CAB39L (13q14.2c or Chr.13:49900240; Hs05292107_cn) or 13q14.3b (Chr.13:52514984 location; Hs05302865_cn) target probes. Verification was performed twice, initially using the same DNA that was applied to restoration and Infinium assay, and secondly, using DNA extracted from tumor cells that were enriched by laser-capture microdissection (LCM). 26 The latter was also performed on duplicate LCM samples; using 7 ml of neat (unpurified) DNA in the assay. Plates were run on the OneStepPlus system and data analyzed using CopyCaller Software (Applied Biosystems).
Meta-Analysis Of 13q14 Deletion Using TCGA Genomic Data Data from 527 breast cancers was downloaded from TCGA (downloaded December 2011) 11 to assess the frequency of the 13q14.2 deletion in breast cancer and the effect this has on the expression of genes from this genomic region. The data set contained gene expression data (log2 lowess normalized; 
Abbreviations: NA, data not applicable; FFPE, formalin-fixed paraffin embedded; FF, fresh frozen; N, normal; T, tumor; ER, estrogen receptor; PgR, progesterone receptor; þ , positive; À , negative; IDC, invasive carcinoma of no special type; R, Roche DNA extraction method; Q, Qiagen DNA extraction method; Y, DNA sample restored; N, DNA sample not restored.
n ¼ 527) and DNA copy number data (segmental values defining tumor DNA genomic events; n ¼ 500). The expression levels of genes were examined in tumors, stratified according to breast cancer intrinsic molecular subtypes (basal-like, HER2, luminal A, luminal B, and normallike; 27 ). This analysis was performed in R version 2.15.0.
RESULTS
The effectiveness of the DNA restoration assay for defining DNA CNAs with the Infinium SNP-CGH assay was evaluated in a collection of archival pathology blocks. All DNA samples underwent a quality assessment using the QC-qPCR assay before a subset of these samples was selected for DNA restoration and SNP-CGH analysis (Table 1 and Supplementary Table 1 ). Several parameters of the process were assessed, including (i) whether the FFPE QC-qPCR assay could reliably predict success in downstream applications, (ii) if DNA restoration improves the quality of the data obtained from the Infinium assay, (iii) if the method of DNA extraction affects data quality, and (iv) if the method can identify recurrent DNA copy number alterations. Figure 1) . This variance also correlated with QC-qPCR values and SNP call rates (Supplementary Figure 1) . For each of these assessments, there were exceptions, in which samples with low QCqPCR values yielded low SNP call rates and/or high variance, but generally the data suggested that the QC-qPCR assay provided a reasonable prediction of array quality.
The QC-qPCR Reaction as a Predictor of Array Quality

Effectiveness of DNA Restoration on Infinium Assay Data Quality
The role DNA restoration has in improving DNA sample performance in the Infinium assay was investigated directly We also found good consistency in the SNP genotype calls between restored DNA and nonrestored DNA for these two tumors (Supplementary Table 2 ). Firstly, we identified the SNPs called in both samples and then identified the concordance in genotype called. For tumor Q590, there were three replicates of restored DNA tested against a nonrestored sample and there was an 84.5-86.11% concordance observed (from 188 214 to 189 904 SNPs). For tumor 007, there was data for both Qiagen (two replicates of restored versus a nonrestored sample) and Roche-extracted DNA (one restored versus nonrestored comparison), and from these data there was a 97.97-99.75% concordance in the SNP genotypes that were called (from 235 951 to 244 460 SNPs).
The matched FF versus FFPE analysis for tumor Q590 was performed to determine if the repaired DNA resulted in accurate DNA copy number predictions in the FFPE samples. BAF plots and genomic break points called by GenoCN were replicated between the matching FF and FFPE samples (Supplementary Figure 2) . However, as has been reported previously, 28 the magnitude of the copy number change was reduced in the FF sample relative to the FFPE sample. For instance, deletions detected on chromosomes 5 and 17 in the FFPE samples were classified as copy neutral LOH in the FF sample (Supplementary Figure 2) . This is probably due to differences in the proportion of contaminating normal cells in the tissue preparation prior to DNA extraction, as the FFPE tissue was macrodissected by taking cores of tissue to enrich for tumor cells, and hence had a higher tumor cellularity relative to the FF prepared DNA (estimated at 70% versus 50%). 28, 29 To measure the reproducibility of the DNA restoration assay, eight FFPE DNA samples were assayed as technical replicates (seven as duplicates and one as a triplicate; Supplementary Table 1 ). SNP call rates of all replicate pairs were within 0.038 of each other. Replicates 74-T, 007T, and Q590-T were derived from tumor DNA and so could serve to assess reproducibility in identifying somatic CNAs. Defining DNA break points resulting in changes in copy number states as defined by GenoCN, and identifying focal high-level gains was quite robust between each set of replicates (supplementary Figures 2-4) . For example, in tumor 74, five out of six regions of high-level gain (copy number state of 4; 2q11, 8q23-q24, 12q13, 15q26, 17q12, 17q25) were detected in both replicates (arrows in Supplementary Figure 4) . Furthermore, two focal HD (mapping to chr12: 8,008,179-8,123,306 and chr12: 27476545-27498107) were also detected in both replicates of T007, which were not detected in the nonrestored DNA sample from the same case (Supplementary Figure 3) . In each case, however, the GenoCN software found defining single-copy alterations was difficult and so there was more variability observed between replicates, particularly in differentiating between LOH (green copy number states in GenoCN plots) and copy neutral LOH (dark blue copy number states) (Supplementary Figures 2-4) .
Comparison of Different DNA Extraction Techniques and Their Impact on Array Data Quality
The DNA restoration and Infinium assay recommended the High Pure DNA Template Preparation Kit (Roche) for DNA preparation. The DNeasy Blood and Tissue DNA kit (Qiagen) is also widely used, and so we evaluated both methods. DNA from 22 samples was extracted using both methods and neither method consistently outperformed the other in terms of QC-qPCR values (Supplementary Figure 5) . Ten of the samples were analyzed by Infinium assay, and in terms of SNP call rates and LRR variance; the Qiagen method either matched (n ¼ 7) or outperformed (n ¼ 3) the Roche method (Supplementary Table 1, Supplementary Figure 5) . The improvement observed using Qiagen-extracted DNA was notable in cases that were considered borderline or poor DNA samples according to the QC-qPCR assay. For example, DNA sample T74 and tumor 540 both yielded 10% higher SNP call rates with the Qiagen extraction method. This translated into improvements in the quality of BAF and LRR plots, and the ability to call CNAs that were impossible to discern using Roche-extracted DNA, such as high-level gains on chromosomes 8 and 17 (Supplementary Figure 6 and 7) .
We tested whether the pretreatment of FFPE tissues in sodium thiocyanate to remove crosslinks 22 helped or hindered the DNA restoration process and subsequent Infinium assay. This comparison was performed on only tumors Q590 and Q607, where it had little impact; and hence we cannot infer whether this step would improve data quality on the older and more challenging samples, all of which were extracted using this pretreatment step.
Validation Of Specific DNA Copy Number Changes Detected Using Restored FFPE Samples
The Illumina restoration protocol and CytoSNP Infinium assay detected both gain and deletion DNA copy number changes important in tumor development, some of which were validated. Tumor Q590 had amplification at the ERBB2 locus 17q12 following DNA restoration, but there was no evidence of this beyond the background variability seen across the entire chromosome in the nonrestored FFPE sample (Figure 1 ). This tumor was classified as HER2 3 þ (positive) by IHC and harbored 15 copies of the ERBB2 gene as quantified by chromogenic in situ hybridization (CISH) (Figure 2a and b, Table 1 ). Tumor 540 (from 1990) Figure 2 Validation of DNA copy number amplifications detected in restored FFPE samples. DNA aberrations were validated by immunohistochemistry (IHC) and in situ hybridization. Tumor samples Q590 (a) and 540 (C) both exhibited amplification of 17q12-q21, encompassing the ERRB2 gene (arrow). These were validated by chromogenic in situ hybridization (b) or IHC (d). Tumor 007 (e) harbored an amplification at 7p11.2 encompassing the EGFR gene; overexpression of EGFR protein was validated by IHC (f; scored as 3 þ in 100% of cells).
performed poorly in QC-qPCR and Infinium assays, yet LRR plots and GenoCN were still useful for defining copy number alterations, including amplification of ERBB2/HER2, which was validated by IHC (Figure 2c and d, Table 1 ). Tumor 007 (from 1987) had an amplification mapping to 7p11.2 and encompassing the EGFR gene (7p11.2) (Figure 2e and f and Supplementary Figure 3) . This was validated by IHC, confirming that the triple negative classified tumor was EGFR positive in 100% of tumor cells. It should be noted, however, that both nonrestored and restored DNA samples were able to detect this amplification, indicating that restoration is not always required to detect high-level copy number increases (Supplementary Figure 3) .
Tumors 007 and 276 harbored putative homozygous deletion (HD) on chromosome 12 (chr12: 8,008,179-8,123,306; Supplementary Figure 3 ) and chromosome 13 (chr13: 49,047,417-50,624,140; Figure 3 ), respectively. To confirm the chromosome 13 HD, real-time qPCR was carried out targeting a gene within the deleted region (CAB39L) and one to a control region (13q14.3C) in an adjacent chromosomal region with normal copy number (Figure 3) . qPCR was performed on tumor and normal DNA from case 276, and on tumor and normal DNA from a second case (007) that was copy number normal in this genomic region. As found in the array data, qPCR showed that the deleted region had half the copy number of the adjacent region in the tumor DNA, whereas the two regions were approximately equal in normal DNA and in the control tumor 007. The qPCR assay was repeated on LCMenriched tumor epithelium, to eliminate 'normal' DNA from contaminating stromal cells; there was no evidence of CAB39L DNA in tumor 276, whereas the copy number was normal in tumor 007 (Figure 3) . The copy number of the adjacent genomic region 13q14.3 was normal in all samples, suggesting 13q14.2 was indeed homozygously deleted in tumor cells of case 276 (Figure 3) .
The major candidate tumor suppressor gene in this region is likely to be RB1; however, there are limited data regarding the role and frequency of this alteration in breast cancer, and the genes particularly targeted. We have previously reported a HD mapping to a similar region in a breast tumor from a patient with an inherited BRCA2 mutation (chr13: 47,869,937-49,878,203), and through integrated analysis of gene expression profiling data from the same case we identified nine genes (CAB39L, SETDB2, PHF11, RCBTB1, EBPL, KPNA3, TRIM13, KCNRG, DLEU1) that were also downregulated. 30 In tumor 276, the deletion spanned 17 genes (RCBTB2, CYSLTR2, FNDC3A, MLNR, CDADC1, CAB39L, SETDB2, PHF11, RCBTB1, ARL11, EBPL, KPNA3, CTAGE10P, SPRYD7, DLEU2, TRIM13, KCNRG). The resolution of the array used here is not sufficient to To validate the HD, quantitative PCR (qPCR) was performed on DNA from both tumors using assays for CAB39L in the deleted region (chr13: 49,900,240 at 13q14.2c; thick arrow in a and b) and a control region 13q14.3b of normal copy number (chr13: 52,514,984; thin arrow in a and b). qPCR was performed on the same DNA as used in the Infinium assay DNA from both tumor (T) and normal (N) and on two independent LCM enrichments of the same tumor samples. qPCR data for tumor 276 (c) shows reduced CAB39L copy number in tumor versus normal, which is exemplified following laser-capture microdissection (LCM) enrichment, whereas qPCR data for tumor 007 (d) shows copy number of B2 in N and T.
accurately define the break points of this deletion, but it appeared to involve the 3 0 end of the RB1 gene. Without having gene expression data available for this case and to appreciate the impact of this deletion in breast cancer, we analyzed SNP-CGH-defined DNA copy number and gene expression levels of all genes within the deleted region in tumors from the TCGA resource. Deletion in this genomic region was identified in 34/500 (6.8%) tumors (18 were of Luminal B subtype, nine were Luminal A, five were Basal and two were Her2). Particularly low levels of expression (relative to the median of all tumors) were noted for most genes in this region in up to 5/527 tumors, although expression of RB1 and RCBTB2 was more frequently downregulated (Supplementary Figure 8) . Several tumors (eg, TCGA-BH-A0EE, TCGA-AN-A04D, TCGA-A8-A09V) showed consistent loss of expression of multiple genes from this region, suggesting that the expression was driven by loss of DNA (Supplementary Figure 8) . This was confirmed by integrating gene expression data and DNA copy number from two of these tumors for which both types of data were available (TCGA-BH-A0EE and TCGA-AN-A04D) (Supplementary Figure 8) . The deletion in tumor TCGA-AN-A04D mapped to a very similar region to that identified in tumor 276, and involved RB1. The deletion in tumor TCGA-BH-A0EE was more complex, involving two separate regions centered on RB1 and EBPL.
DISCUSSION
Here we report an evaluation of Illumina's FFPE DNA restoration solution as a pretreatment step for FFPE-derived DNA prior to whole-genome CNA analysis using SNP arrays. The DNA restoration process uses a combination of enzyme incubation steps to repair damaged DNA and to ligate fragments of double-stranded DNA to create a more appropriate template DNA for the whole-genome amplification step of the Infinium assay. The performance of this process has been tested in a particularly challenging series of FFPE samples, including surgical material from 1987 to 1990 (up to 25 years old) and a series of FFPE blocks taken during postmortem for metastatic breast cancer between 1960 and 1980 (up to 52 years old).
From a technical point of view, we found that the inclusion of the DNA restoration step significantly improved the performance of FFPE DNA in the Infinium assay, generating higher SNP call rates and reduced LRR variance ('noise') compared with matched FFPE DNA samples not pretreated with the restoration step. As with previous studies, 15, 20, 22 we show that the FFPE quality control PCR assay is a reasonable predictor of sample success in which DNA samples with low QC values (o5) had higher SNP call rates and lower LRR variance relative to samples with higher QC values (45). It is important to note that a low QC value was indicative that a DNA sample would respond well to the restoration protocol in preparation for the Infinium assay, rather than being of sufficient quality to be directly assayed on the array. This was clearly demonstrated by FFPE tumor Q590 DNA, which yielded a low QC value (1.63), yet failed the Infinium assay when the DNA was not restored. Finally, DNA extracted using the Qiagen kit provided notable improvements in data quality and mapping of CNAs compared with the Roche kit in these challenging FFPE samples, and this was particularly evident with tumors 540 and 74 that had poor QC-qPCR scores. The reasons for this are unclear, given the general similarities between the two column-based extraction and purification methods, and it may be a sample-specific phenomenon.
The accuracy and reproducibility of identifying DNA CNAs were tested with technical replicates and a comparison between DNA derived from a FF tumor and a matched FFPE block from the same case. These highlighted the reliability in which the assay could detect high-level gains, which can be major drivers of tumor behavior. For example, focal highlevel amplifications at 17q12 (harboring the ERBB2 gene) and 7p11.2 (containing the EGFR gene) were detected and validated by other means. A tumor obtained from postmortem in 1974 yielded quite noisy SNP array data, yet despite this several high-level CNAs (8q23-q24,12q13,15q26,17q12, 17q25) were reproducibly detected in both replicates. These are common events in breast cancer and known drivers of phenotype. Depending on the quality of the DNA obtained from the FFPE samples, high-level CNAs can be identified in nonrestored DNA. For instance, tumor 007 performed quite well in the Infinium assay without undergoing DNA restoration (Supplementary Figure 3) with several amplifications, including at 7p11.2, 12p12.1, 16p12.1, 16p13.3 and 16p13.2, being mapped using both restored and nonrestored DNA. Others have reported reasonable success of FFPE samples in SNP array experiments, [14] [15] [16] [17] [18] [19] so this is not unexpected. However, the clarity and magnitude of the amplification may be enhanced in LRR plots of restored DNA (for instance for the high-level CNAs on 16p). Furthermore, two HDs, as defined by GenoCN, were detected in this tumor at 12p13.31 (involving the genes SLC2A3/GLUT3) and 12p11.23 (involving STK38L and ARNTL2). These very focal deletions were detected in both technical replicates of Qiagen-extracted, restored DNA, but not in nonrestored DNA. These data suggest that the restoration process provides some subtle but important improvements in data quality and CNA detection.
HD are also considered important CNA events in driving tumorigenesis and tend to occur in genomic regions housing tumor suppressor genes. A second HD was identified in case 267 at 13q14.2, was verified by qPCR, and has been previously reported in breast cancer. 30, 31 The size and complexity of this deletion is variable in breast tumors, and sometimes involves RB1 as the most likely tumor suppressor gene, 31 as illustrated in tumors TCGA-AN-A04D and TCGA-BH-A0EE (Supplementary Figure 8) . A meta-analysis of data from the TCGA suggested that the deletion also drives the loss of expression of multiple genes (eg, CAB39L, EBPL, SETDB2, TRIM13) that may also have a role in the behavior of about 1% of breast tumors. Curtis et al. 12 also performed an integrated analysis of genomic and gene expression data from B2000 breast cancers and reported, in supplementary data, that the 13q14 deletion drives the loss of expression of several genes within this region (eg, SUCLA2, MED4, RB1, P2RY5, PHF11, TRIM13) and occurs in a similar small proportion (o1%) of tumors, suggesting that this HD is a recurrent but rare event in breast cancer.
The mapping of genomic break points was also quite reproducible between replicates and in the FF versus FFPE comparison. The most obvious issue, however, in defining CNAs using FFPE DNA in this assay is in differentiating between loss (green, GenoCN state ¼ 1) and copy neutral LOH (dark blue, GenoCN state ¼ 2). There was frequent variability in this assessment between technical replicates and in the FF versus the matched FFPE comparison: for example, in chromosomes 5p and 17 of case Q590; chromosomes 7p, 12, 16q, and 21q of tumor 007; and chromosomes 1 and 4 of tumor 74. We consider tumor cellularity differences between the FF (B50%) and FFPE (B70%) samples to be a contributor to this problem in this comparison, but for the technical replicates, it is most likely due to inherent noise generated by FFPE DNA samples and the subsequent difficulty in differentiating between loss of one allele only and copy neutral LOH (the loss of one allele and duplication of the other allele). A different analysis algorithm might handle this better, and increasing the tumor cellularity of samples analyzed might also help. Many studies apply a threshold of 70-80% tumor cellularity for FF samples to generate sufficient sensitivity in somatic mutation calling, [11] [12] [13] and so for these more challenging samples it may be important to enrich further to 90-100% for FFPE samples to reduce the normal cell DNA content to an absolute minimum.
The method of choice for analyzing genome-wide CNAs in FFPE samples is a difficult one, taking into account the cost, accuracy in detecting CNAs, platform resolution, input DNA amount, and accessibility to the different technologies. 19 The DNA restoration and Infinium assay has performed reasonably well here, although the value of applying these FFPE samples to SNP arrays rather than oligo-based aCGH platforms was in this detection of allele-specific aberrations, yet this proved somewhat problematic. As we have not directly compared with the oligo-based aCGH platforms, such as those provided by Agilent and Nimblegen or the Affymetrix OncoScan FFPE platform, it remains unclear which is the most accurate and robust. The tolerance of these assays for low input DNA amounts is an important consideration, as valuable clinical material may be limited by FFPE block thickness, tumor size, or the requirement of microdissection to reduce the contribution of contaminating normal tissue. The restoration protocol required 100 ng of double-stranded DNA, which is less than the recommended 250 ng or more required for the Agilent or Nimblegen assays. Reduced DNA input amounts have been tested using Agilent, Nimblegen, and Affymetrix OncoScan FFPE platforms, 24 and these assays do show tolerance for lower input amounts (50-100 ng), but there is also some increase in data noise.
There has been a considerable drive in recent years to move tumor genome studies to whole-genome or exome-sequencing platforms to benefit from major improvements in sensitivity and detection of somatic CNAs and small nucleotide variants (eg, substitutions, insertions, and deletions). While the power of these approaches is being realized for FF tumors, [11] [12] [13] there are currently few studies to have realized this potential for FFPE samples, owing to the inherent problems of working with chemically modified and damaged DNA, the requirements for larger amounts of genomic DNA and/or high depth of sequencing coverage to minimize ambiguous read mapping and the subsequent added bioinformatics challenges that this brings. 28, [32] [33] [34] [35] Large consortia such as the ICGC and TCGA also continue to analyze tumor genomes by SNP arrays as an important support tool for CNA detection and assessment of tumor cellularity, [11] [12] [13] and so for these reasons it remains important to optimize CGH platforms for whole-genome CNA detection of FFPE tumor samples.
In summary, we have assessed a method for repairing damaged DNA derived from challenging FFPE tissue samples prior to application to genome-wide SNP-CGH arrays. The repaired DNA performed better on SNP-CGH arrays than nonrepaired DNA, and provided an improved means to map genomic break points and detect CNAs that are biologically relevant to driving tumorigenesis, such as focal high-level amplifications and HD. However, one of the benefits of utilizing SNP arrays over other aCGH platforms is in the capacity to reproducibly define single-copy CNAs and differentiate between LOH and copy neutral LOH, and we found this problematic with these FFPE samples.
Further work is required to determine whether this or other available methods for repairing damaged DNA is beneficial for other genomic applications requiring FFPE resources, such as oligonucleotide aCGH, whole-genome methylation analysis on SNP arrays, or sequencing-based applications in which current protocols for archival materials are extremely challenging.
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